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Thecross-sensitivity of near infrared (NIR) reflectancetotheparticlesize of powdersor ground materialshaslong
been documented but not fully exploited for particlesize estimation. Diffusereflectance of a powder sampleisde-
pendent on light scattering within itslayers, and a powder’sabsor ption and scattering coefficient arerelated toits
particle size. Thisisthe basis of NIR reflectance—particle size calibrations. The availability of fibre optic probes
and thespeed of NI R spectrometer smakethem suitablefor remoteand onlinesensing of particlesize, in addition to
providing chemical infor mation of a powder sample. Thebasics of NIR reflectance spectroscopy relevant to parti-
cle size determination and itsrelation to sample prepar ations, methods of presentation, reference methods, cali-
bration development and validation arereviewed in this paper.
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I ntroduction istics of a sample irradiated by light in the NIR re-

gion.® The NIR region (780-2500 nm) is dominated

Near infrared (NIR) spectroscopy extractsusable by overtone and combination bands of fundamental
information from the absorption spectral character- vibrations occurring in the mid-infrared.
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It has long been recognised that NIR reflectance
is sensitive to the particle size, shape and distribu-
tion of powdersor granular samples.?~’ A sensor that
has sensitivity to two measurable quantitiesissaid to
exhibit cross-sensitivity. For these sensors, calibra-
tion involves maximising the wanted and minimis-
ing the unwanted signal. For conventional NIR
reflectance applications, i.e. determining chemical
compounds in granular or powdered samples, parti-
cle size effects on the spectrais considered the un-
wanted signal, or noise. Therefore, to ensure
adequate precision in quantitative chemical analy-
ses, particle size effects are reduced by grinding the
sample finely to a near-uniform size followed by
proper sampling®® or by correcting the spectrausing
derivatives, multiple scattering correction, standard
normal variate and detrending, and special transfor-
mations.510-12

Conversely, the cross-sensitivity of NIR
reflectance can be exploited for particle size analy-
sis. Duetoits proven reliability and speed in multi-
constituent monitoring and control*3* and the
availability of fibre optic probes, NIR reflectanceis
receiving renewed interest as a potential online sen-
sor for particle size.'>17 Because only one sensor is
needed to monitor both chemical constituents and
particle size,'>* NIR reflectance has advantagesin
powder analysisover other methods. Recently, it has
been successfully used for online monitoring of
powder blending.'®2° This review aims to integrate
the basics of NIR reflectance spectroscopy relevant
to particle size analysis of powders and ground ma-
terialsand relate these with the sample preparations,
methods of sample presentation and calibration
techniques for developing and validating NIR
reflectance—particle size models, with emphasis on
potential online applications.

Theory

Classical absorption spectroscopy hasitsfounda-
tion in Beer—Lambert’'s law, which states that for a
homogenous and non-scattering liquid sample, the
concentration of an absorber isdirectly proportional
tothe sampleabsorbance. In NIR diffusereflectance
spectroscopy, the requirements of classical absorp-
tion spectroscopy are not completely satisfied be-

cause the sample is hon-homogenous and scatter-
ing.?! The path length of light for absorption spec-
troscopy is constant, whereas for reflectance spec-
troscopy path lengthisafunction of the microscopic
structure of the material containing the absorber.??
The theory of NIR reflectance spectroscopy is not
fully defined, but empirical results show that
Beer—Lambert’s law holds, at |east in principle.?!

An NIR beam incident on a powdery or granular
material of a weakly-absorbing medium, thick
enough to prevent transmission (effectively infi-
nite), will penetratethelayer anditsdirectionwill be
changed each time a particle boundary is encoun-
tered. The changesin direction are aresult of reflec-
tion, refraction and random diffraction at the
surfaces of various particles. The combination of
these effectsiscalled light scattering.?? Light propa-
gatesthrough adiffusely reflecting material through
scattering. As scattered light encounters more
boundaries of particles, further scattering occursin
all directionsand part of it isabsorbed, which dimin-
ishes its intensity. Scattering and absorption take
place simultaneously in thelayer until finally there-
maining attenuated light re-emerges from the entry
surface; thislight is called diffuse reflectance.® Dif-
fusereflectance depends on the particul ate nature of
the medium? and on the effective depth of penetra-
tion to provide a spectrum representative of the en-
tire sample.?

According to Birth and Hecht,?* diffusely re-
flected light is attenuated by afactor 10~K) where k
is the volume-averaged absorption constant and | is
the mean path length. For a sample whose composi-
tion is not identical at each location, scattering has
the effect of randomising the light path through the
sample, and what emergesappearsanal ytically more
homogenous than what actually exists.?42°

The chemical information in the diffusely re-
flected light is expressed in the absorption constant,
K, whereasthe particlesizeinformationisexpressed
in the scattering constant, S, both were conceived as
properties of the irradiated layer.® Numerous work-
ers have proposed theories on absorption and scat-
tering in tightly packed particles® but the theory of
Kubelka and Munk? was the most general and
widely validated.®

The Kubelka-Munk (KM) theory?® hasthree sim-
plifying assumptions: the scattered radiation is
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isotropically distributed, the particles in the layer
arerandomly distributed and very much smaller than
the thickness of the layer, and the layer is subject
only to diffused reflection. Through these assump-
tions, the theory derives the relationship,

K_(@-RF
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where f(R) is the KM function, and Ris the diffuse
reflectance of the sample. Notice that f(R) isafunc-
tion only of theratio of the absorption and scattering
coefficients (K/S) and not their absolute values.
Equation 1 suggeststhat for aconstant coefficient of
absorption K, the reflectance R increases as scatter-
ing coefficient S increases (i.e. particle size de-
creases), while R decreases as K increases (i.e.
particle sizeincreases) for aconstant S. Experimen-
tal results deviate significantly from KM theory
when K/S> 0.13.3 Felder?” derived an equation re-
lating absorption coefficient in transmission Kt to
particle diameter for a system of spherical mono-
disperse particles
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wheredistheparticlediameter, D ispacking density
of particles, ¢(Dp,) is a function of the maximum
packing density Dy, and Ty isthe transmittance of a
single particle. It has been experimentally con-
firmed that the absorption coefficient in reflection
Kr is proportional to the absorption coefficient in
transmission K+.2 Therefore, Kr must be dependent
on particle size just as K.328
Scattering coefficient Sisalso afunction of parti-
cle size increasing with particle sizesd = 1 ym in
proportion to 1/d, which compensates for the parti-
cle size dependence of Kg.® Scattering is inversely
proportional to the mean path length.?? In equation
form the relationships are
1 1
Se di ®
From Equations 2 and 3, and since Kg is propor-
tional to Ky, asdincreases Kg and Sdecrease and ra-
diation penetrates deeper into the powder. This
increasesthe path length | that the light travels, thus

increasing absorbance while reducing diffuse
reflectance. As d decreases, light encounters more
scattering boundaries (Sincreases) and the depth of
penetration of radiation decreases. This decreases
the path length | that the light travels, thus reducing
the absorbed fraction of radiation and increasing the
diffusely-reflected fraction. In simpler terms, grind-
ing absorbing material s cause them to become paler.
This can be demonstrated by the white colour pro-
duced from fine pul verisation of blue copper sulfate
crystals. If the particlesin asample are not all of the
same size, scattering produces an averaging effect.?*
Dahm and Dahm,?® in relation to their Representa-
tive Layer Theory of Diffuse Reflectance, reported
that the contribution of a particle of aparticular type
to the absorption of the sample is approximately
weighted in proportion to its volume fraction while
its contribution to the reflectance is approximately
weighted in proportion to the fraction of cross-
sectional areathat the particle type makes up in the
representative layer. The absorption (log 1/R) of a
particular size range in a ground wheat sample was
weighted proportional to its mass fraction.3°

Factors such as mean particle size, particle size
distribution, particle shape, packing density and sur-
face texture presented to the instrument influence
the penetration of radiation into the sample and thus
the diffuse reflectance from the sample.*"1° Since
thediffusely-reflected light isthe sum of therandom
reflections at the surface and within the sample, the
particlesizeisanintegral part of the NIR absorbance
values at all wavelengths.3!

Duyckaerts® reported a theoretical equation re-
lating absorption intensity and particle size of ama-
terial. For a material consisting of cubic particles
with quantity sufficient to give n number of layers,
the absorption intensity is:
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where lgistheintensity of theincident light, I;isthe
intensity of transmitted light, m is the mass of the
substance, p is specific weight, sisthe surface area
of a section of a pellet normal to the beam, d is the
cube’sedge (particle dimension), P isthefraction of
the surface of the beam spot covered by amonolayer
of particles(original notation used K which might be
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confused with absorption constant) and Ty is the
transmittance of one particle (original notation used
0).

When P and T4 are constant, Equation 4 can be
simplified as

o |_ Ky
ol ©
where
K, = log[(L—P) + PT,] 6)
Psp

K1 is the slope of the relationship between spec-
tral intensity and the reciprocal of particle dimen-
sion (1/d) for a particular ground material; it can be
obtained empirically. Without quantifying the vari-
ablesin Equation 6, Otsuka and Matsuda33 obtained
a linear relationship between spectral intensity
(based on reflectance) and reciprocal mean particle
size of phenytoin (a pharmaceutical product). The
relationship of particle size to transmittance (Equa-
tion 4) was applicable to diffuse reflectance pro-
vided that the penetration depth of the NIR beam was
affected considerably by the scattering coefficient.33

Themean depth of penetrationisrelated tothein-
verse of absorption coefficient K.2 For weak absorb-
ers(small K), light penetrates deeper into the sample
and is extensively absorbed. For strong absorbers
(large K), alarge part of the light will be specularly
reflected at the surface. This explains why strongly
absorbing materials can absorb very little, whereas
weakly-absorbing materials by comparison can ab-
sorb a considerable portion of the incident radia
tion.2 The NIR region is used for quantitative mea-
surements of coarsely ground particles because its
bands have low absorptivities, which does not cause
interferences due to complete absorption (satura-
tion) or specular reflection, typical of the mid-IR.%3
Thus NIR diffuse reflectance can provide the repre-
sentative composition of whole ground wheat
whereas, mid-IR only the surface characteristics of
wheat particles.?® It follows that mid-IR diffuse
reflectance of ground wheat has no dependence on
particle size because of the low effective depth of
penetration. Olinger and Griffiths3* showed that the
effective penetration depth of the light beam could
only be two to three diameters long for particles of

about 100 pm, especially when the absorption by the
surrounding constituentsis strong.

Bull®® derived a simplified model of the
Kubelka-Munk (KM) eguation to evaluate the de-
pendence of NIR reflectance on particle size. The
model assumed a material consisting of an infinite
series of homogenous, thin (one-dimensional) slabs
set perpendicular to incident radiation. Thus the
wavelength-dependent scattering and refraction
properties of the material can be ignored and only
the reflection and transmission at each refractivein-
dex discontinuity and the propagation of the unab-
sorbed fraction of light through the slab are
considered. It further assumed that the depth of the
slabis>1/2the coherencelength of theincident radi-
ation, thusit is possible to add together the compo-
nentsof light which arereflected back out of theslab
without considering their relative phases. The total
fraction of light reflected back from the infinite se-
ries of sheetsfor normal incidenceangle6 = Oisex-
pressed as

2
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where A istotal absorption and Risthetotal reflec-
tion. Bull3® showed that the model could be used to
detect the effect of particle size on reflectance of
ground wheat samplesfor mean particlesize of upto
at least 350 pm.

Burger et al.?® derived an equation of radiative
transfer for diffuse reflectance and transmittance by
using a three-flux approximation. Using a colli-
mated beam that illuminated the powdered sample
and an integrated sphere that measured diffused
transmittance and absorbance, the scattering and ab-
sorption coefficients of the samplewere extracted by
the radiative transfer equation. The separated ab-
sorption and scattering coefficientsprovide morein-
formation about particle size, agglomeration and
chemical compositionthan only theratio of these co-
efficients asin KM function. The scattering effects
were then separated from absorption effects before
calibration to achieve better linearity. This method
was used to analyse the scattering and absorption
properties of paracetamol and lactose. In arelated
study Burger et al.36 found that PL S calibrations of
diffuse reflectance data of two-component lactose
and paracetamol powders pretreated by multiple
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scattering correction (MSC) were improved when
the scattering coefficient was known. M SC assumes
a constant scattering coefficient over a considered
wavelength range. Knowing the scattering coeffi-
cient, separately from absorption coefficient, en-
ables the calibration to be restricted to the
wavelength rangeswhere M SC assumptionisvalid.

Dahm and Dahm?®37 derived an expression more
general than the KM equation using plane parallel
mathematics and two-flux approximation. The ab-
sorption—-remission (or reflectance) function for a
material of any thicknessis expressed as a function
of fractions of incident light absorbed (a), remitted
(r) and transmitted (t) by a specified layer.

A ) = [(1—rz —t]_ (2—ar—2r)a
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The Dahm equation givesan exact solution for re-
mission from and absorption by any layers whose
absorption and scattering properties are fully de-
fined. Inthe case of infinitesimal particles (very thin
layers) with low absorption, it gives results equiva-
lent tothe KM equation. However, itisnot limited to
infinitesimal particles; it isexpected to be more use-
ful in evaluating the remission of real systems. To be
useful for quantitative analysis, it must berelated to
measurable properties of area sample, rather than
properties of an arbitrarily defined layer.

Particle size analysis

Reference method and unit

Various methods of particle size analyses mea-
sure different physical dimensions, hence the term
“particle size” is defined in terms of ameasurement
technique and a spatial dimension.3® The method is
inseparable from the unit. Two of the numerous
termsused for particle sizeand which arerelevant to
NIR reflectance—particle size applications are vol-
ume diameter and sieve diameter.

Methods of particle size measurement can be
classified as direct and indirect. Scanning electron
microscopy (SEM) and sieving are direct methods.

Indirect techniques measure a property of the parti-
cle and then through a calibration calculate the
“size” An exampleis laser diffraction. Most of the
NIR particle size studies used laser diffraction as
reference method®16:17:39.40 (Table 1). L aser diffrac-
tion reportedly can measure the size range of
0.05-3500 pm within 30 s, based on arecent model
with free-fall dry powder feeder.** Hareland® re-
ported that laser diffraction (and percent volume of
particles) had better precision than sieving analysis
(and percent mass of particles), and thuswas abetter
reference method for flour particle-sizedistribution.
Thisisunderstandable becauselaser diffraction, like
NIR reflectance spectroscopy, gives three-
dimensional size and shape information. By con-
trast, sieving, like SEM, givestwo-dimensional size
information.?>33 Also, fine particles had a tendency
to stick to the underside of fine sievesthus contribut-
ing to error in sieving analysis.3°

However, the choice of reference method isdeter-
mined mainly by the size properties of the particles
to be measured and the method to be “replaced” (in
an online application) by the NIR reflectance tech-
nique. Pasikatan®® used sieving analysisasreference
method because the NIR reflectance-based system
was intended to give information about the cumula-
tive percent mass of four sizefractionsof first-break
ground wheat, the information useful to flour mill-
ers.

Tsuge et al.*? reported that the overall absorption
intensity Ar could be expressed as:

Ar=Z(Adfy) (9)

where A4 is the absorption intensity of particlesof a
given size or size range and f, is the volume fre-
guency of particles of that size or size range. Based
on thisthey reasoned that the effect of particles hav-
ing smaller size than the mean particle diameter was
greater than the effect of particles having size larger
than the mean particle diameter. This could only be
true if the smaller-sized particles are dominant, in
terms of volume fraction.?® Pasikatan®® observed
that percent mass could be used instead of volume
frequency in Equation 9. For first-break ground
wheat models based on mass, size ranges having
more mass—thus having more contribution to the
Ar—were predicted better than those with lesser
mass. 0
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Sampling and sample selection

Themain sourceof errorin NIR analyseslieswith
the samples, their selection, preparation and refer-
ence analysis.?® Thisistrue whether the objectiveis
to determine a chemical constituent or the particle
size. Williams?® discussed two ways of sample se-
lection: the conventional and the spectral. In conven-
tional sample selection, sufficient samples are
selected to obtain a Gaussian distribution with re-
spect to the range of the constituents. For the second
method, samples are sel ected based on spectral char-
acteristics.

For conventional sample selection, within-group
models minimise the variance characteristic of
across-group models. For example, in NIR protein
analysis, the standard deviation for the data for all
wheat classes was larger than the standard deviation
for theindividual classes.*? Because the starch—pro-
tein matrix of the wheat endosperm influences frac-
ture behaviour of wheat,* which in turn determines
the particle size properties, then the variations in
size properties (and thus absorption and scattering)
should be narrower for aspecific wheat classthan for
all wheat classes. When samples were grouped ac-
cording to wheat class, models for estimating the
sizefractionsof first-break ground wheat performed
better than models for all wheat classes.*°

Method of sample presentation

The method of presenting ground or powdered
samples to the NIR spectrometer must ensure that:
(1) the layer and surface are representative of the
sample’s particle-size distribution and physico-
chemical properties® and (2) the layer is presented
in arepeatable or reproducible manner.*®

The non-linearity that occurs in the analysis of
NIR spectra of mixtures could be explained by the
light not meeting a representative set of particles.3!
Loading of sample cellsis one of the most critical
stepsin NIR analysisbecause NIR senses mainly the
surface layer?® and factors associated with the sam-
plesurfaceincreasesthe spectral variance.'® Devaux
et al. 3! provided experimental evidencethat the par-
ticles on the sample surface have more determining
effect than those beneath the surface. Using princi-
pal component analysis of NIR spectra and images
taken from binary mixtures of ground wheat and
rapeseed with varying proportions, they identified

three principal components. Thefirst principal com-
ponent described the scattering effect, the second
the proportionsof the particlesat the sample surface,
and the third explained the particles beneath the sur-
face.

The degree of compaction is another factor in-
volved in reproducibility of the sample layer.4>46 A
certain amount of randomness in the orientation of
interfaces and amount of material are essential to
bring about compl ete diffusion of light.?? Equation 2
shows that packing density affects reflectance.
Compression of the sample against a flat surface
might destroy complete randomness, but the alterna-
tive of not packing could leave voids in the sample
that could be another source of error.?* Wetzel?* rec-
ommended incompl eteflattening so that each differ-
ent particle in the sample would present its own
surface to the incident light. The amount of sample,
itseven distribution and packing density on the sam-
ple cell must be maintained.”-2547

Some NIR reflectance—particle size studies did
not describe the method of presenting the ground or
powdered samples to the NIR spectrometer.16.39:40
For the fine samples used in those studies
(< 315 pm) this was not probably critical and the
funnel drop into a standard sample cell would have
been adequate to ensure representativity and repeat-
ability of the sample surface and layer presented.
Osborne et al.*” used a pressure pad to maintain
packing density of flour samplesin asample holder.
Blanco et al.*® compacted ground piracetam in a
sample cell before presentation, but the extent of
compaction was not quantified. llari et al.'® used a
flat device angled at 30° to remove excess sample
and tapped the samples 180 timesto get compaction.
Asthe particle size of the sample increases spectral
reproducibility decreases;*® hence the method of
presentation becomes critical.

Pasikatan® developed a method of sample pre-
sentation for first-break ground wheat (size range:
<1-3360 um) to ensure spectral repeatability. The
method involved dropping a pre-mixed, constant-
mass sample from afixed height into acylinder with
threelayersof randomising rods. The degree of com-
paction was repeatable and the random orientation
of the particlesin the layer was not disrupted. Suffi-
cient thickness of thelayer isalso critical to prevent
transmission of light and ensure adequate scattering
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so that the diffusely-reflected light could carry the
complete particle size information of the sample
layer.

Spectral data pretreatments

Spectral data pretreatments are used to linearise
the dataand to correct for scattering effects.*® While
thereisno question about linearising the reflectance
spectra by converting these to apparent absorbance,
log (U/R), or Kubelka—Munk (KM) transform, the
guestion is which pretreatment is appropriate for
particle size applications—knowing that most of
these correct for particle size effects. Log (1/R)
linearisation was donein most NIR refl ectance—par-
ticle size studies (Table 1) as well KM linear-
isation.'>16 pPasikatan®® evaluated the effect of KM
and log (1/R) linearisation on spectral data from
first-break ground wheat from six wheat classes.
M odels were devel oped using Partial Least Squares
for prediction of five sizefractions (percent massfor
>1041, 375-1041, 240-375, 136—240 and <136 um
size ranges). For the wavelengths used
(500-1700 nm), log (1/R) gave better results than
KM modelsfor all size fractions. One probable rea-
sonfor thisresult wasthe NIR reflectance spectrom-
eter did not cover the range 1100-2500 nm, a
wavelength region where scattering effects were
more pronounced.1%'8 Another possible explanation
was since the matrix surrounding the analyte ab-
sorbsradiation at the same wavel ength asthe anal yt-
ical band, then deviations from the linearity of the
KM function against concentration occurs.3*

Some spectral pretreatments used in quantitative
chemical applications helped yield good NIR
reflectance—particle size models. Mean centring
(subtraction of the mean from the individual spec-
tra), atechniquethat reduced the number of PLSfac-
torsin conventional NIR reflectance applications,*®
aso improved the performance of NIR
reflectance—particle size models.26:°0 M ean centring
helped eliminate baseline differences caused by
variable sample porosity.'® Hareland®® reported that
the second derivative transformation using segment
length of 10 data points over which the derivative
wastaken and 10 datapointsover whichthefunction
was smoothed yielded the best calibration for PLS-
based particle size models. First or second deriva-
tives reduce spectral variance caused by particle

size.81025 However, when used after unit area
normalisation, these yield robust PLS models for
particlesize.®° Unit areanormalisation could correct
for indeterminate path lengths when there was no
means of measuring it. It involved calculating the
area under the curve for the entire spectrum.5! Fur-
ther studies on pretreatments appropriate for spec-
tral datafor NIR—particle size models are needed.

Calibration model selection and
validation

Scattering is not a wavelength-independent
effect?® but an all-wavelength one'®'® Thus full-
spectrum NIR reflectance—particle size models, the-
oretically, should perform better than specific-
wavelength models. However, this depends on the
size range being estimated. Full-spectrum models
based on Partial L east Squaresregression performed
well when three to five size ranges of particlesin a
sample were estimated.3®°0 PLS concentrates the
useful spectral information into the first few factors
and allowsinterpretation of the underlying chemical
and physical phenomena through spectral loadings
and spectral residuals.>? For a specific wheat class
model (hard red winter), oneto three PL Sfactors ac-
counted for particlesize effects,3° which was consis-
tent with previous findings.3%%2 O’ Neil et al.*” used
three principal components for predicting 11 size
fractions (the entire particle size distribution) of
microcrystalline cellulose.

If only one sizerangeisbeing estimated, e.g. me-
dian particlesize, two to four wavel engthshave been
found sufficient for samples with narrow size distri-
bution (Table 1). Osborne et al.*” used a two-
wavelength (1288 and 1720 nm) MLR model to pre-
dict wheat kernel texture from wheat flours (percent
flour that passed through a 76 um air-jet sieve).
Blanco et al.*¢ used a two-wavelength MLR model
to determinethe mean particle size of piracetam: the
wavel ength of maximum correlation (1818 nm) cor-
responding to a minimum in the absorption band
(1930 nm) which ensured minimal dependence on
chemical absorption. The results were comparable
to a three-factor PLS model. Rantannen and
Y liruusi®? continuously measured four wavelengths
(1740, 1835, 1990 and 2145 nm): 1740 nm was used
for correction of background level and 2145 as parti-
clesize measurement wavel ength. The baseline-cor-
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Table 1. Summary of NIR reflectance—particle size studies.

240-375, 136-240, <136 or
>375, >240, >136)

Powdered material Particle property/size range |Reference |Model and wavelengths |Reference
(um) method used

Wheat flour Air-jet sieve (AJS) value AJS MLR®* (1288, 1720 nm) |47
(<76)

Aspirin, ascorbic acid, |Reciprocal of particle size; |LD" Log /R vs 1/d (selected; | 8

ammonium phosphate  |62—247, 139-222, 40-140, from 1800 to 2500 nm)

dibasic-aluminium oxide |62-111

NaCl, broken glass, Mean particle size; 0-200, |Sieving |Log /R and KM® 15

sorbitol 0-200, 0-315 (1100-2500 nm)

Pea flour Mean particle diameter, 13 | PCA‘ (1100-2500 nm) |18
size fractions, 89-1414

Piracetam (drug) Mean particle size; Sieving |PLS and MLR 46
range: ~200-350 (1200-2500 nm)

Wheat flour (except 3 size fractions: <10, 1041, |[LD 2" der. (400-2500 nm) |39

durum wheat) 41-300

Micronised active Mass median particle size; |LD PCA (1100-2500 nm) 40

compound in alactose |8-20

monohydrate (LMH)

matrix

Aspirin, anhydrous Median particle size (d,); LD and MLR and KM 16

caffeine, paracetamol, |19.2-183 (LMH), 24-406 |sieving (1000—2500 nm)

microcrystalline (MC)*

cellulose (MC)

Microcrystalline Median particle size, LD 1740, 1835, 1990, 53

cellulose 75-186.5 2145 nm

Microcrystalline 11 quantiles LD MLR and PCR 17

cellulose (dg, dyg, ... dgp, dyy)

First-break ground Percent mass of size Sieving |PLS; 600-1700 nm 30, 50

wheat fractions (>1041, 375-1041, |analysis

aMultiple linear regression

bLD = laser diffraction
°Kubelka—Munk model

dPrincipal component analysis
®Partial Least Squares regression
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rected absorbance yielded a high correlation
(r? = 0.96) with median particle size. O’ Neil et al .1
used single wavenumber quadratic least squares re-
gression and two-wavenumber MLR calibrationsfor
NIR reflectance, mean-corrected reflectance,
absorbance and Kubelka—Munk function against
median particle size (dsp), reciprocal dsg and In(dsp).
Thebest calibrations (r = 0.99) were obtained using
reflectance data against In(dso) for microcrystalline
cellulose and lactose monohydrate sieve fractions.

Statisticstypically used to assess the goodness of
acalibrationmodel for chemical applicationsof NIR
reflectance are also applicable for particle size.
Theseinclude correl ation coefficient (r), coefficient
of determination (r?), standard error of cross-valida-
tion (SECV), standard error of prediction (SEP),
mean and standard deviation of measured and pre-
dicted values and coefficient of variability (ratio of
SEP to the mean of reference values). Williams® re-
ported the definitions and applications of these
terms. RPD (ratio of SEP to standard deviation) and
RER (ratio of SEP to range of reference data) were
also proposed by Williams®> for comparison of size
fractions across studies.

Applications

Possibly the earliest NIR reflectance—particle
sizestudy wasdoneby Osborneet al.4’ (Table1). Al-
though they related wheat grain kernel texture (hard-
ness) to NIR reflectance, the measure of texture was
the percent of 10 g flour that passed througha76 pm
air-jet sieve in 1 min—a size fraction of flour.
Reflectance values (1100-2500 nm) were smooth-
ened and compressed before wavel ength search was
done by MLR. The best correlation of NIR
reflectance (log 1/R) with air-jet set values, thus
hardness, were obtained with 1288 and 1720 nm
(r =0.99).

Ciurczak et al .8 determined the mean particlesize
of pure pharmaceutical products (aspirin, ascorbic
acid, aluminium oxide, ammonium phosphate
dibasic) using NIR reflectance spectroscopy (Table
1). The reciprocal of mean particle size (1/d) was
plotted against absorbance log (1/R) for selected
wavelengths and they found a steep inversely linear
relationship for d > 200 um down to about 85 pum
followed by alesssteeplinefor d< 85 pm. They pro-

posed that the rapidly diminishing absorbancelineis
controlled almost entirely by the Scoefficient of the
KM equation while K exerted alarger influence on
particles<85 pum. Their results showed that the mea-
surement of particle size of pure materials could be
donemost accurately over the>85 um sizerangeand
grinding to < 85 pm would greatly reduce particle
size effects. They further showed that the
absorbance values at 1658 nm (major peak) against
theabsorbancevaluesat 1784 nm (baseline) waslin-
ear for different size particles of aspirin. The tech-
nique was valid for ratios of any two wavelengths.
NIR reflectance spectroscopy has been used to mea-
sure median particle size (dsg) of a number of pow-
dered drugs and pharmaceutical excipients'® and to
measure the particle size of one powdered material
in the presence of another powdered material, with
little or no sample preparation*® (Table 1). A tech-
nique based on NIR reflectance spectroscopy was
developed for online determination and control of
particle growth during granulation® (Table 1).

Iari et al.'®> determined the mean particle size of
three different types of chemically simple powders
(glass beads, sodium chloride and sorbitol) (Table
1). Thereflectance spectrawerelinearised using log
(1/R) and the Kubelka—Munk transform, K/S. In or-
der to separate the absorption K from the multiplica-
tive scattering effects (1/S) in the NIR data, each
spectrum was subjected to the multiple scattering
correction technique. Mean particle size could be
determined from linearised and multiple scattering-
corrected NIR reflectance data for a given type of
powder. Up to 99% of the particle size variance was
explained by theregression. Chapelleet al .18 studied
the use of NIR reflectance spectroscopy for particle
sizeanalysis of peaflour. Smooth peaswere shelled,
ground and sievedto 13 different fractionsgraded by
particle size (80 to 1250 ym) (Table 1). The size
fractions were either analysed directly or were re-
combined to produce synthetic samples of defined
particle size characteristics. Using Principal Com-
ponent Analysis they found that NIR spectroscopy
could be used to classify unknown samples accord-
ing to particle size characteristics without reference
to chemical data. Principa components of
absorbances related primarily to mean particle di-
ameter, for both pure particle fractions and recom-
bined samples.
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Blanco et al.*¢ determined the mean particle size
of different batches of piracetam (a neuro-physio-
logical drug) and quantified this compound in a
pharmaceutical preparation using NIR reflectance
spectroscopy (Table1). Particle sizewasdetermined
using athree-factor PLSmodel using thewavelength
range 1300—-2500 nm. Piracetam in the preparation
was determined using afive-factor PLS model of the
second derivative spectra. The prediction errors
were 15um and 6.1 mg (equivalent to 3% of
piracetam content in the commercial dosage), re-
spectively. This study showed the potential of NIR
spectrometers for two-in-one sensing (sensing of
chemical constituents as well as particle size of the
powder sample).

Hareland®® predicted the percent volume of
wheat flour particles of three size ranges (<10 pm,
10-41 pm and 41-300 um) to within two standard
deviation for 96% of the samples tested using NIR
reflectance spectroscopy. He obtained standard er-
rors of cross-validation of 0.26, 0.87 and 1.11, and
standard errors of prediction of 0.35, 1.17 and 1.13
for the three size ranges, respectively (Table 1).
O'Neil et al.'” used three-wavelength MLR model
and three-component PCR (4008-9996 cm™ or
1000-2495 nm) models to predict the cumulative
particle size distribution of microcrystalline cellu-
lose (11 size fractions: 5, 10, 20, 30, 40, 50, 60, 70,
80, 90, 95%; size range: 6.45-546.76 pum) from for-
ward angle laser light scattering measurements.
Both MLR and PCR models predicted well the 11
size fractions but the PCR model was
computationally faster and slightly more robust.
Using offline methods, Pasikatan et al.>° evaluated
NIR reflectance spectroscopy as a granulation sen-
sor for first-break ground wheat, a coarsely ground
product. The objectivewasto use NIR reflectance as
abasis for online control of aroller mill’sroll gap.

Summary

NIR reflectanceisinfluenced by the particle size
properties of ground or powdered materials. Thus
using proper procedures and calibration, NIR
reflectance spectroscopy can be used for particle
size analysis. The effects of particle size, distribu-
tion, surface texture and compaction are expressed

in asample'sscattering constant. Scattering effectis
expressed in all NIR wavelengths. However, a sam-
ple’'s absorption constant is not entirely free from
particle size effects. The contribution of asizerange
to the absorption of a powder sample is approxi-
mately weighted in terms of itsvolume or massfrac-
tion. Hence, size ranges with more amounts in a
powder mixture tend to be predicted better than size
ranges with lesser amounts. Sampl e selection meth-
odsthat reduce the variance of the spectrashould be
used. Asin any quantitative NIR reflectance analy-
sis, the sample presented must be representative of
the whole and the amount, surface and layer charac-
teristics and degree of compaction must be repeat-
able for each presentation. Spectral pretreatments
that reduce particle size effect should be evaluated
first for thisapplication. For finely-ground samples,
derivatisation of the spectrawas showntowork well.
For coarser ground samples, pretreatments that cor-
rected for indeterminate path lengths yielded mod-
els that have good predictive ability. Single- and
double-wavelength models have been shown to
work for determining a single size property, such as
mean particle size, whereas full-spectrum models
(MLR, PLS or PCR) were appropriate for determin-
ing three to 11 size ranges.

Most of the studies cited in thisreview arein the
pharmaceutical industry where the control of parti-
clesizeof drugsand theamount of activeingredients
inamixturearecritical. However, studiesin estimat-
ing the size distribution of wheat flour, peaflour and
ground wheat indicate strongly the feasibility of us-
ing NIR reflectance for real-time monitoring and
even controlling of the size reduction process of
these products. In these applications, NIR
reflectance has the advantages of speed, simplicity,
low-operating cost and a two-in-one sensor.
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